is related to Figure 3 , and it shows the sequence alignment of STING and highlights the region that undergoes ligand-induced formation of a lid consisting of a new four-stranded -sheet. Figure S4B shows that the formation of the lid is not due to crystal packing. Figure S5 is related to Figure 4 , and it shows the direct visualization of 2'3'-cGAMP within the crystal structure of STING as well as the extensive atomic interactions that form the cGAMPbinding pocket.
is related to Figure 1 , and it describes the routes of chemical synthesis of four cGAMP isomers. Figure S2 is related to Figure 1 , and it provides additional data that validate the cGAS product as 2'3'-cGAMP. Figure S3 is related to Figure 2 , and it provides additional ITC data for the binding of cGAMP isomers to STING. Figure S4 is related to Figure 3 , and it shows the sequence alignment of STING and highlights the region that undergoes ligand-induced formation of a lid consisting of a new four-stranded -sheet. Figure S4B shows that the formation of the lid is not due to crystal packing. Figure S5 is related to Figure 4 , and it shows the direct visualization of 2'3'-cGAMP within the crystal structure of STING as well as the extensive atomic interactions that form the cGAMPbinding pocket. + ) ions were acquired using Q Exactive mass spectrometer. (C) Reverse phase HPLC elution profiles. Gradient: T = 0-5 min: 100% 0.1 M NaH 2 PO 4 /Na 2 HPO 4 /H 2 O, T = 12.5 min: 12.5% MeCN. 1 mL/min. Retention time: natural cGAMP, 9.62 min; 2'3'-cGAMP, 9.62 min; 2'2'-cGAMP, 10.33 min; 3'2'-cGAMP, 11.52 min; 3'3'-cGAMP, 11.95 min. (D) CD spectra at 23 °C in 5 mM NaH 2 PO 4 /Na 2 HPO 4 /H 2 O buffer (pH 7.4). Compound concentrations: natural cGAMP, 175 μM; 2'3'-cGAMP, 175 μM; 2'2'-cGAMP, 250 μM; 3'2'-cGAMP, 250 μM; 3'3'-cGAMP, 250 μM. Related to Figure 1 . Single Quadrupole LC/MS. Analytical HPLC was performed using ACE 5 C18-AR column with dimension 4.6×150 mm. Preparative HPLC was performed using ACE 5 C18-AR column with dimension 10×150 mm. The CD spectrum was recorded on a JACSO J-815 CD Spectrometer.
cGAMP synthesis was performed using procedures modified from published methods (Gaffney et al., 2010; Zhang et al., 2006) , as detailed below. To a solution of compound S7 (0.103 g, 0.13 mmol) in dry tetrahydrofuran (2.0 mL) was added 2,4,6-collidine (0.121 mL, 0.93 mmol) and N-methylimidazole (0.005mL, 0.067 mmol). 2-Cyanoethyl diisopropylphosphoramidochloridite (0.074 mL, 0.33 mmol) was then added dropwise over 5 min. After stirring for 1 h at room temperature, the mixture was diluted with ethyl acetate (30 mL) and washed with saturated sodium bicarbonate solution and brine, dried over anhydrous sodium sulfate, evaporated, and purified by flash column chromatography (50% ethyl acetate/hexanes→1% methanol/methylene chloride containing 1% triethylamine) to afford S1 (0.077 g, 0.079 mmol, 60%) as a white solid. To a solution of compound S10 (0.48 g, 0.71 mmol) and imidazole (0.145 g, 2.1 mmol) in dry pyridine (9.0 mL) was added tert-butyldimethylsilyl chloride (0.16 g, 1.1 mmol). The mixture was stirred for 4 h at room temperature. After removing the volatiles, methylene chloride (100 mL) was added and the solution was washed by saturated sodium bicarbonate solution and brine, dried over anhydrous sodium sulfate, evaporated, and purification by flash column chromatography (20→50% ethyl acetate/toluene) to afford S11 (0.167 g, 0.21 mmol, 30%) and S12 (0.251 g, 0.32 mmol, 45%) each as a white solid. S11: To a solution of S1 (0.049 g, 0.05 mmol) in aectonitrile (0.25 mL) and water (0.0018 mL, 0.1 mmol) was added pyridinium trifluoroacetate (0.012 g, 0.06 mmol). After stirring for 1 min, tertbutylamine (0.25 mL) was added. After stirring for 10 min, the solvent was removed and the residue was dissolved in methylene chloride (0.6 mL), and water (0.009 mL, 0.5 mmol) and dichloroacetic acid (6% in methylene chloride, 0.6 mL, 0.44 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (0.07 mL, 0.87 mmol). The solution was concentrated to give S13, which was used directly for next step. To a solution of crude S13 obtained above in acetonitrile (0.12 mL) was added a solution of S4 (0.064 g, 0.065 mmol) in acetonitrile (0.20 mL) under argon. After stirring for 2 min, anhydrous t-butyl hydroperoxide (5.5 M in decane, 0.028 mL, 0.15 mmol) was added. After stirring for 30 min, the reaction was quenched by 33% sodium bisulfite solution (0.025 mL) at 0 °C. The mixture was then concentrated to a yellow oil. The residual yellow oil was dissolved in methylene chloride (0.8 mL) and water (0.009 mL, 0.5 mmol) and dichloroacetic acid (6% in methylene chloride, 0.8 mL, 0.6 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (2.5 mL). The solution was concentrated to 1.0 mL before adding 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane-2-oxide (0.034 g, 0.17 mmol). After stirring for 10 min, the reaction was quenched by water (0.032 mL, 1.8 mmol) followed by iodine (0.017 g, 0.065 mmol) immediately. After stirring for 5 min, the mixture was poured into a 0.14 % sodium bisulfite solution (7 mL). After stirring for 5 min, sodium bicarbonate (0.20 g) was added slowly.
The mixture was extracted by ethyl acetate/diethyl ether (1:1, 5 mL). The organic layer was concentrated to an oil and used directly for the next step. To a solution of crude S14 obtained above in acetonitrile (0.25 mL) was added tert-butylamine (0.5 mL). After stirring for 10 min, the yellow solution was concentrated to a yellow foam and methylamine (33% in anhydrous ethanol, 1.79 mL, 15 mmol) was added. After stirring for 90 min, the mixture was concentrated to an oil and treated with triethylamine trihydrofluoride (0.20 mL) in a plastic vial. After stirring for 5 h, the reaction was quenched by 1.0 M ammonium acetate (2.5 mL). The mixture was then stirred vigorously at 35 °C for 30 min. After cooling to room temperature, the solution was filtered. The yellow filtrate was concentrated to a small volume and purified by HPLC (eluent A: water with 0.1% trifluoroacetic acid, eluent B: acetonitrile with 0.1% trifluoroacetic acid, gradient: T = 0 min: 0% B, T = 7 min: 0 % B, T = 20 min: 10 % B, 4.8 mL/min) to give 2',3'-cGAMP as a white powder (1.7 mg, 5% from S1). To a solution of crude S13 prepared from S1 (0.049 g) in acetonitrile (0.12 mL) was added a solution of S3 (0.064 g, 0.065 mmol) in acetonitrile (0.20 mL) under argon. After stirring for 2 min, anhydrous t-butyl hydroperoxide (5.5 M in decane, 0.028 mL, 0.15 mmol) was added. After stirring for 30 min, the reaction was quenched by 33% sodium bisulfite solution (0.025 mL) at 0 °C. The mixture was then concentrated to a yellow oil. The residual yellow oil was dissolved in methylene chloride (0.8 mL) and water (0.009 mL, 0.5 mmol) and dichloroacetic acid (6% in methylene chloride, 0.8 mL, 0.6 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (2.5 mL). The solution was concentrated to 1.0 mL before adding 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane-2-oxide (0.034 g, 0.17 mmol). After stirring for 10 min, the reaction was quenched by water (0.032 mL, 1.8 mmol) followed by iodine (0.017 g, 0.065 mmol) immediately. After stirring for 5 min, the mixture was poured into a 0.14 % sodium bisulfite solution (7 mL). After stirring for 5 min, sodium bicarbonate (0.20 g) was added slowly.
The mixture was extracted by ethyl acetate/diethyl ether (1:1, 5 mL). The organic layer was concentrated to an oil and used directly for the next step. To a solution of crude S15 obtained above in acetonitrile (0.25 mL) was added tert-butylamine (0.5 mL). After stirring for 10 min, the yellow solution was concentrated to a yellow foam and methylamine (33% in anhydrous ethanol, 1.79 mL, 15 mmol) was added. After stirring for 90 min, the mixture was concentrated to an oil and treated with triethylamine trihydrofluoride (0.20 mL) in a plastic vial. After stirring for 5 h, the reaction was quenched by 1.0 M ammonium acetate (2.5 mL). The mixture was then stirred vigorously at 35 °C for 30 min. After cooling to room temperature, the solution was filtered. The yellow filtrate was concentrated to a small volume and purified by HPLC (eluent A: water with 0.1% trifluoroacetic acid, eluent B: acetonitrile with 0.1% trifluoroacetic acid, gradient: T = 0 min: 0% B, T = 7 min: 0 % B, T = 20 min: 10 % B, 4.8 mL/min) to give 2',2'-cGAMP as a white powder (1.6 mg, 5% from S1). To a solution of S2 (0.049 g, 0.05 mmol) in aectonitrile (0.25 mL) and water (0.0018 mL, 0.1 mmol) was added pyridinium trifluoroacetate (0.012 g, 0.06 mmol). After stirring for 1 min, tertbutylamine (0.25 mL) was added. After stirring for 10 min, the solvent was removed and the residue was dissolved in methylene chloride (0.6 mL), and water (0.009 mL, 0.5 mmol) and dichloroacetic acid (6% in methylene chloride, 0.6 mL, 0.44 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (0.07 mL, 0.87 mmol). The solution was concentrated to give S16, which was used directly for next step. To a solution of crude S16 obtained above in acetonitrile (0.12 mL) was added a solution of S3 (0.064 g, 0.065 mmol) in acetonitrile (0.20 mL) under argon. After stirring for 2 min, anhydrous t-butyl hydroperoxide (5.5 M in decane, 0.028 mL, 0.15 mmol) was added. After stirring for 30 min, the reaction was quenched by 33% sodium bisulfite solution (0.025 mL) at 0 °C. The mixture was then concentrated to a yellow oil. The residual yellow oil was dissolved in methylene chloride (0.8 mL) and water (0.009 mL, 0.5 mmol) and dichloroacetic acid (6% in methylene chloride, 0.8 mL, 0.6 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (2.5 mL). The solution was concentrated to 1.0 mL before adding 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane-2-oxide (0.034 g, 0.17 mmol). After stirring for 10 min, the reaction was quenched by water (0.032 mL, 1.8 mmol) followed by iodine (0.017 g, 0.065 mmol) immediately. After stirring for 5 min, the mixture was poured into a 0.14 % sodium bisulfite solution (7 mL). After stirring for 5 min, sodium bicarbonate (0.20 g) was added slowly.
The mixture was extracted by ethyl acetate/diethyl ether (1:1, 5 mL). The organic layer was concentrated to an oil and used directly for the next step. To a solution of crude S16 prepared from S2 (0.097 g) in acetonitrile (0.12 mL) was added a solution of S4 (0.128 g, 0.13 mmol) in acetonitrile (0.40 mL) under argon. After stirring for 2 min, anhydrous t-butyl hydroperoxide (5.5 M in decane, 0.055 mL, 0.3 mmol) was added. After stirring for 30 min, the reaction was quenched by 33% sodium bisulfite solution (0.05 mL) at 0 °C. The mixture was then concentrated to a yellow oil. The residual yellow oil was dissolved in methylene chloride (1.6 mL) and water (0.018 mL, 1.0 mmol) and dichloroacetic acid (6% in methylene chloride, 1.6 mL, 1.2 mmol) was added. After stirring for 10 min, the reaction was quenched by pyridine (5.0 mL). The solution was concentrated to 2.0 mL before adding 2-chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane-2-oxide (0.068 g, 0.35 mmol). After stirring for 10 min, the reaction was quenched by water (0.064 mL, 3.5 mmol) followed by iodine (0.033 g, 0.13 mmol) immediately. After stirring for 5 min, the mixture was poured into a 0.14 % sodium bisulfite solution (14 mL). After stirring for 5 min, sodium bicarbonate (0.40 g) was added slowly. The mixture was extracted by ethyl acetate/diethyl ether (1:1, 10 mL). The organic layer was concentrated to an oil and used directly for the next step. To a solution of crude S18 obtained above in acetonitrile (0.50 mL) was added tert-butylamine (0.5 mL). After stirring for 10 min, the yellow solution was concentrated to a yellow foam and washed with methylene chloride (0.6 mL). Methylamine (33% in anhydrous ethanol, 3.58 mL, 29 mmol) was then added to the resulting white solid. After stirring for 90 min, the mixture was concentrated to an oil. The residue was azeotroped with pyridine/triethylamine (1.0 mL/0.4 mL) for three times and then dissolved in pyridine (0.08 mL) in a plastic vial. To this solution at 50°C, triethylamine (0.50 mL, 3.6 mmol) and triethylamine trihydrofluoride (0.30 mL) were added simultaneously. After stirring for 1 h, the reaction solution was quenched by methoxytrimethylsilane (1.5 mL) at room temperature. The mixture was then concentrated to a yellow solid and purified by HPLC (eluent A: water with 0.1% trifluoroacetic acid, eluent B: acetonitrile with 0.1% trifluoroacetic acid, gradient: T = 0 min: 0% B, T = 7 min: 0 % B, T = 20 min: 7 % B, 4.8 mL/min) to give 3',3'-cGAMP as a white powder (5.5 mg, 8% from S2). 
